tive materials, CPs are attractive due to their facile synthesis, intrinsic conductivity, good flexibility, and high redox contributions. [7] Polyaniline (PANI), polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT) are among the commonly studied polymers for supercapacitors. [11] However, in spite of focus on improving the performance of CPs as anode materials, [7, 11, 12] efforts to match them with pseudocapacitive cathode materials are still underway. It is important to note that the target material needs to be stable under negative potentials in acidic electrolytes, because CPs show the best electrochemical performance in acidic electrolytes under positive potentials. [6] Currently available choices for negative electrodes are mostly carbons and metal oxides. [13] However, majority of carbon-based and metal oxide electrodes show hydrogen evolution under modest negative potentials in low-pH media. [14] Although carbons with a low content of surface functionalities may have an extended voltage window, they cannot match CP in capacitance due to lack of redox contribution to energy storage. Finding cathode materials with high pseudocapacitance in acidic electrolytes is still a challenge, which hinders practical use of CP in electrochemical capacitors.
In search of negative electrodes for CP-utilizing asymmetric devices, MXenes may offer a viable option due to their metallic conductivity and high redox capacitance under negative potential in acidic electrolytes. [15] MXenes, a rapidly growing large group of 2D transition metal carbides, nitrides, and carbonitrides, have shown a great potential for a range of applications, particularly, for supercapacitors. [16, 17] Specifically, delaminated Ti 3 C 2 T x has shown outstanding capacitance values up to ≈1500 F cm −3 (380 F g −1 ) in aqueous electrolytes in a three-electrode configuration. [15] By using a set of electrochemical experiments coupled with in situ X-ray absorption spectroscopy (XAS), it has been shown that the changes in electrode potential correlate almost linearly to variations in the titanium oxidation state, confirming the predominantly pseudocapacitive charge storage mechanism in acidic electrolyte (1 m H 2 SO 4 ). [15, 18] In another effort, [19] when charge storage mechanism was investigated using in situ Raman spectroscopy in three different sulfatecontaining aqueous electrolytes, it became clear that bonding between oxygen functional groups and hydronium ion from H 2 SO 4 electrolyte occurs upon charging. During discharge, the reversible bonding/debonding alter the oxidation state of Ti, resulting in high redox capacitance in acidic electrolyte. In Conducting polymers (CPs) are attractive pseudocapacitive materials which show the highest capacitance under positive potentials in aqueous protic electrolytes. One way to expand their voltage window (thus energy density) in aqueous electrolytes is to manufacture asymmetric supercapacitors using distinctly different anodes. However, CPs lack matching pseudocapacitive anode materials that can perform well in protic electrolytes (e.g., sulfuric acid). 2D titanium carbide (Ti 3 C 2 T x ), MXene, as a universal pseudocapacitive anode material for a range of CPs, such as polyaniline, polypyrrole, and poly(3,4-ethylenedioxythiophene) deposited on reduced graphene oxide (rGO) sheets, is reported here. All-pseudocapacitive organic-inorganic asymmetric devices with MXene cathodes and rGO-polymer anodes can operate in voltage windows up to 1.45 V in 3 m H 2 SO 4 . Most importantly, these devices show outstanding cycling performance, outperforming many reported asymmetric pseudocapacitors.
Introduction
Supercapacitors have gained substantial interest due to their high power density, long cycle life, safe operation, wide temperature operating range, and low maintenance cost. [1] [2] [3] Supercapacitors hold promise for a broad range of applications, including optoelectronics, mass transit, hybrid electric vehicles, load leveling, energy regeneration, and aerospace industry. [2] Based on their charge storage mechanisms, supercapacitors are classified into two categories [1, 2] : 1) electric double-layer capacitors (EDLCs), and 2) pseudocapacitors. Commercial supercapacitors are mostly EDLCs, which rely on reversible electrosorption of ions at the electrode/electrolyte interface. [2, 3] High surface area materials, such as porous carbon or graphene, are considered suitable for EDLCs due to their low cost and moderately high electronic conductivity. [3] However, the key challenge with EDLCs is their low energy density. [1] [2] [3] To overcome this issue, use of pseudocapacitive materials, which store charge via surface redox reactions, is attractive. [4] Metal oxides, [4, 5] conducting polymers (CP), [6, 7] discrete redox-active organic molecules, [8, 9] and conducting redox hybrids [10] are being explored for energy storage applications.
other sulfate-containing electrolytes ((NH 4 ) 2 SO 4 or MgSO 4 ), only double layer capacitance was observed. [19] In addition, hydronium ions from H 2 SO 4 offer high mobility because of their smaller hydration radius, resulting in better accessibility to deep adsorption sites between the MXene layers. [15] Furthermore, the change in the titanium oxidation state was further corroborated recently by the density functional theory calculations. [20] While their capacitance is outstanding under negative potential, they still need matching pseudocapacitive materials which can perform under positive potential (anodes) in acidic electrolyte to manufacture devices having a high energy density. So far, only RuO 2 has shown a match in electrochemical properties; [21] however, its cost makes its use impractical for widespread applications. [4] Here, we show organic-inorganic asymmetric devices in which 2D titanium carbide (MXene) serves as a universal pseudocapacitive anode material for a range of CP-containing cathodes, where two chemically dissimilar materials electrochemically complement each other in a device. We selected three different CPs namely PANI, PPy, and PEDOT, which were deposited on hydrothermally reduced graphene oxide (rGO) sheets. The combination of Ti 3 C 2 T x MXene (cathode) and CP@rGO (anode) yielded all-pseudocapacitive asymmetric supercapacitors with expanded voltage windows up to 1.45 V in 3 m H 2 SO 4 , along with outstanding cycling performance.
Results and Discussion
Figure 1a shows our strategy for the synthesis of CP@rGO via oxidative polymerization. In a typical synthesis process, monomers of the CPs (e.g., aniline, pyrrole, and 3,4-ethylenedioxythiophene (EDOT)) were mixed in a dilute acidic solution (1 m HCl) followed by the addition of sonicated acidic solutions of the oxidants and hydrothermally produced rGO sheets, resulting in CP deposition on rGO sheets, forming CP@rGO (see Experimental Section). [12, 22] Figure 1b shows our strategy to expand the voltage window of the CP-containing supercapacitors by pairing them with 2D Ti 3 C 2 T X sheets. We generalized this approach by combining various CP@rGO electrodes with Ti 3 C 2 T x in 3 m H 2 SO 4 .
As-produced CP@rGO hybrids were directly rolled into binder-free electrodes having thickness of ≈50 µm. The low-magnification scanning electron microscopy (SEM) images of CP@rGO hybrids (Figure 2a-c) showed macroporous irregular shape of the deposited CP. The SEM ( Figure 2d ) and transmission electron microscopy (TEM) (Figure 2e ) images of Ti 3 C 2 T x MXene show 2D morphology, and that MXene film is composed of well-aligned stacked sheets.
Fourier-transform infrared (FTIR) and Raman spectroscopies are further used to confirm the deposition of the doped (conducting) CP on rGO sheets. Figure 2f shows the Raman spectra of the PANI@rGO, PPy@rGO, and PEDOT@rGO. The bands at ≈415, 519, 780, 838, 1161, 1218, 1417, 1472, and 1580 cm −1 in PANI@rGO Raman spectrum are assigned to out-of-plane C-H wagging, out-of-plane C-N-C torsion, deformation of the quinoid ring, deformative vibrations of the PANI amine group, quinoid ring vibrations, stretching of C-N, stretching of the C=C in the quinoid ring, stretching of C=N, and stretching of C-C, respectively. [23, 24] The bands at ≈926, 985, 1049, 1331, and 1588 cm −1 in PPy@rGO Raman spectrum are assigned to bipolarons (dications), polarons (radical cation), C-H deformation, C-C ring stretching, and C=C stretching of two oxidized structures, respectively. [25] The bands at ≈439, 572, and 992 cm −1 in PEDOT@rGO Raman spectrum are assigned to oxyethylene ring deformation. [26] The bands at ≈698, 856, 1253, 1438, 1567 cm −1 are ascribed to symmetric C-S-C deformation, C-O bending vibrations, C-C stretching, symmetric C=C-O stretching, and asymmetric C=C stretching, respectively. [26] [27] [28] Figure 2g shows FTIR spectra of the PANI@rGO, PPy@rGO, and PEDOT@rGO. FTIR bands of PANI@rGO appeared at ≈1105, 1224, 1282, 1440, and 1546 cm −1 and are assigned to vibrational bands of nitrogen quinine, C=N stretching, C-N stretching modes of an aromatic amine, benzenoid ring stretching, and quinoid ring stretching, respectively. [29, 30] FTIR spectrum of PPy@rGO showed bands at ≈771, 963, 1022, 1152, 1368, 1440, 1529, 1624, and 1740 cm −1 which are ascribed to C-H out of plane vibration, doped state of PPy, C-H deformation vibration, C-N stretching vibrations, N-H deformation of pyrrole ring, C-N vibrations, C-C vibrations, C=C stretching vibrations, and C=O stretching vibrations. [25, 31] The bands at 727, 864, and 992 cm −1 in FTIR spectrum of PEDOT@rGO are assigned to C-S vibrations, and the bands at ≈1068, 1120, 1159, and 1234 cm −1 are ascribed to COC bond stretching in the ethylene dioxy group. [32, 33] The band at 1368 cm −1 is due to C-C stretching vibrations of the thiophene ring. [28] Figure 3 shows the electrochemical performance of the PANI@rGO, PPy@rGO, and PEDOT@rGO in a three-electrode configuration in 3 m H 2 SO 4 . Cyclic voltammograms (CVs) of the PANI@rGO (Figure 3a ) at different scan rates (5-100 mV s −1 ) in the potential range of 0 to 0.85 V showed two distinct redox peaks, corresponding to redox transition of PANI between leucoemeraldine/emeraldine and emeraldine/pernigraniline. [24, 34] Unlike PANI@rGO electrodes, the CV curves of the PPy@rGO (Figure 3b ) at different scan rates (5-100 mV s −1 ) showed a broad redox peak between 0.2 and 0.6 V, corresponding to PPy redox. [22] Opposed to PANI and PPy hybrids, PEDOT@rGO exhibited capacitor-like CVs, except one minor redox hump at 0.55 V. It is recently reported that, unlike other CP, PEDOT-based electrodes show capacitive character due to electrical double layers formation along the interfaces of nanoscale PEDOT. [35] Nevertheless, stable CVs of PANI, PPy, and PEDOT hybrids even at 100 mV s −1 confirmed good ionic and electronic transport within CP hybrids. [6] Galvanostatic charge/discharge (GCD) curves of the PEDOT@ rGO ( Figure 3d ) and PPy@rGO (Figure 3e ) at different current densities showed symmetric charge/discharge, revealing good electrochemical reversibility and high Coulombic efficiency. [2] The rate performance of the CP@rGO hybrids (Figure 3f ) confirmed that PANI@rGO showed the highest capacitance and PEDOT@ rGO electrodes delivered the best rate performance. The trend in capacitance can be related with the doping level of the CPs. For instance, PANI offers the highest doping level, therefore a higher capacitance compared to other studied CPs. [36] PEDOT exhibits the lowest capacitance due to its low doping level and a large molecular weight of the EDOT monomer. [11] Nevertheless, the tested CP@rGO hybrid electrodes showed high-rate performance and pseudocapacitive behavior under positive potentials showing a promise as potential cathodes for asymmetric devices. 
All-Pseudocapacitive Organic-Inorganic Asymmetric Devices
Figure 4a-c shows the CV curves (5 mV s −1 ) of the individual electrodes (Ti 3 C 2 T x , and CP@rGO) in a three-electrode setup in which both electrodes showed redox activity at entirely different potentials, demonstrating the possibility to manufacture all-pseudocapacitive asymmetric devices in aqueous electrolyte. The CV curves of Ti 3 C 2 T x //PEDOT@rGO showed stable pseudocapacitive character even at a scan rate of 100 mV s −1 , confirming facile proton transport within hybrid devices. [35] CV curves of all devices showed a combined double layer (flat ends) and Faradic (redox peaks) storage character. All devices showed no sign of electrolyte decomposition even well above the water-splitting potential, confirming the possibility to expand the voltage window of asymmetric pseudocapacitive devices in protic electrolytes. Stable CV curves at scan rate of 100 mV s −1 and small peak-to-peak separation of all devices show: 1) good pseudocapacitive character, 2) fast kinetics of redox reactions, and 3) high-rate performance of the manufactured devices. [10, 15, 37] The charge storage mechanism in hybrid devices was determined using CV curves, assuming the following relationship between current (I) and scan rate (ʋ) [38, 39] :
where a and b are two adjustable parameters obtained by plotting log ʋ versus log I. Notably, the quantitative information about charge storage kinetics can be obtained from the b value. When b = 0.5, current is diffusion limited, and when b = 1 then the current is capacitive. [39, 40] In Figure 5a -c, the b value for the anodic and cathodic peak currents fall in the 0.88-0.91 range (2-100 mV s −1 ), confirming that the charge storage mechanism in all-pseudocapacitive organic-inorganic asymmetric devices is not diffusion limited (battery type), but primarily originates from surface process limited redox and double-layer contributions of the CP@rGO and Ti 3 C 2 T x MXene. In the manufactured devices, we further quantified the capacitive contribution to the total current using the following relationship [38, 39] :
The current (I) at a fixed potential (V) is the sum of the two processes: capacitive (k 1 ʋ) and diffusion controlled (k 2 ʋ 0.5 ). [38, 39] By finding the values of k 1 and k 2 , we quantified the fraction of the current (proportional to capacitance) originating from the capacitive and diffusion-controlled processes. We chose the lowest scan rate of 5 mV s −1 to allow major contributions in current from the diffusion-controlled processes, and found that 93%, 86%, and 68% of the total current was capacitive for PANI, PPy, and PEDOT-containing all-pseudocapacitive devices (Figure 5d-f) . Nevertheless, these analyses confirmed that charge storage mechanism in CP@rGO//MXene devices is predominantly pseudocapacitive.
At a scan rate of 5 mV s −1 , PANI-, PPy-, and PEDOT-based devices delivered capacitance of 57, 59, and 47 F g −1 , respectively ( Figure S3 , Supporting Information). GCD curves of the PANI-, PPy-, and PEDOT-containing asymmetric devices (Figure 6a-c) exhibited nearly symmetric charge/discharge curves, showing rapid ion and electron transfer kinetics, high equilibrium of redox processes, and high Coulombic efficiencies of the devices. [24, 25, 34] Typical EDLCs show triangular-shape GCD curves. [2] However, GCD curves of asymmetric pseudocapacitors exhibited two different slopes, confirming a change in charge storage mechanism. [15] The fact that GCD curves stayed symmetrical at high current densities shows that MXene//CP@rGO devices are likely capable to operate at high rates. [15] Ragone plots (Figure 6d ) further compares the energy and power densities of the asymmetric devices. PANI-based devices showed the highest energy density (≈17 Wh kg −1 ) and PEDOT asymmetric devices yielded the lowest energy density (≈13 Wh kg −1 ), still outperforming majority of the comparable CP-containing asymmetric supercapacitors. [14] Unlike other reported CP-containing Adv. Energy Mater. 2018, 1802917 asymmetric supercapacitors, MXene//CP@rGO devices are notably superior at retaining the energy density, showing a shallower drop at high power, which can be ascribed to high conductivity and rapid charge propagation (electronic and ionic transport) throughout the entire device. [15] One key challenge with pseudocapacitive materials, particularly with organic materials, is their poor cycling performance. [6] Typically, CPs begin to degrade after few hundred cycles due to their inherent challenge of ion doping, causing changes in volume and mechanical failure of the device. [41] This situation is expected to become worse when CP-containing electrodes are paired with another chemically dissimilar pseudocapacitive electrode material in an asymmetric device. For instance, over 20% capacitance decay was noticed just after few thousand cycles for many reported CP-containing asymmetric supercapacitors (Table S1 , Supporting Information). Therefore, long cycle life of CP-containing asymmetric supercapacitors is still an outstanding challenge.
We performed CV tests to evaluate the cycling performance of all manufactured devices at 100 mV s −1 within optimized potential windows. PANI-containing devices showed capacitance retention of ≈88% after 20 000 cycles (Figure 6e) , which is among the highest for PANI-containing asymmetric devices (Table S1 , Supporting Information). It is interesting to note the shape of the CVs before and after 20 000 cycles stayed similar (Figure 6e , inset, left) with prominent redox peak, confirming high equilibrium of redox reactions within asymmetric device. [8] PPy-containing device also showed decent capacitance retention of 75% after 20 000 cycles (Figure 6e, inset, center) . Although, retention values are lower for PPy-containing device compared to PANI-containing device, they are still much higher when compared with the earlier literature (Table S1 , Supporting Information) and can further be improved by optimization of hybrids. While CV shapes of PPy-containing devices are slightly more distorted than PANI-based devices, it is interesting to note that devices kept their pseudocapacitive behavior even after 20 000 charge/discharge cycles. Our PEDOT-containing device showed the lowest capacitance retention (80%, 10 000 cycles) compared to PANI-and PPy-containing devices, most likely due to high molecular weight and low doping level of PEDOT compared to PANI and PPy. [7] However, they outperformed many PEDOT-containing asymmetric devices reported earlier due to highly conducting opposing pseudocapacitive electrodes, i.e., MXene (Table S1 , Supporting Information).
The remarkable electrochemical performance of MXene// CP@rGO-based asymmetric supercapacitors can be ascribed to: 1) Highly conductive, free-standing, binder-free MXene film offered high electronic conductivity and slit-shaped channels for proton diffusion that allowed fast accessibility to electrochemically active sites, [42] causing rapid redox reactions within the asymmetric device. 2) High pseudocapacitance, better rate performance, and good cyclability of MXene, [15, 43] altogether contributed to long cycle life of the asymmetric devices. 3) Use of optimal rGO sheets within CP@rGO hybrids suppressed the expansion and contraction of the CPs during charging/discharging of the asymmetric devices, [8] leading to outstanding cycling performance. 4) Use of the protic electrolyte (3 m H 2 SO 4 ) offered high ionic conductivity, high concentration of ions, fast kinetics, which overall promoted redox reactions of both CPs and MXene, and led to better rate handling, and long cycle life of the devices. [15] 5) The synergistic effect of redox activity of both positive and negative electrodes at entirely different potentials in the same electrolyte expanded the voltage, window thus increased energy density, improved capacitance, and cyclability of the asymmetric devices.
Better matched capacitance values and masses of both positive and negative electrodes can further improve capacitance, rate capability, and cycle life of the devices. Design of electrode architectures enabling fast ionic transport due to MXene and graphene sheets aligned normally to the surface of the current collector may further improve rate performance and allow manufacturing of thicker electrodes. [44] 
Conclusions
CPs, which show high pseudocapacitance under high positive potentials in aqueous protic electrolytes, lacked a matching pseudocapacitive negative electrode. We showed that conducting 2D titanium carbide (Ti 3 C 2 T x ) can serve as cathode material for a variety of CP-containing asymmetric supercapacitors. To demonstrate the generality of our approach, we have synthesized three CP-containing hybrids, namely PANI, PPy, and PEDOT, deposited on rGO sheets via oxidative polymerization, and tested them as positive electrodes. The optimized compositions of CP@rGO// MXene showed high power, considerable energy density, and outstanding cycling performance. Particularly, PANI-containing asymmetric devices operate in the voltage window up to 1.45 V, offer high energy density of ≈17 Wh kg −1 , and yield outstanding capacitance retention of 88% after 20 000 cycles, which is one of the highest for PANI-containing, as well as MXene-based asymmetric devices. This demonstration paves the way for pairing a variety of nanostructured CPs with numerous available MXenes as anode and cathode materials, respectively, to further improve the performance of the energy storage devices.
Experimental Section
rGO was synthesized by hydrothermally reducing GO suspension, which was synthesized by a modified Hummer's method. [45] CP@rGO hybrids were synthesized like previously reported. [22] To deposit PANI on rGO, 100 mg of rGO sheets were sonicated in 1 m HCl for 30 min, followed by addition of 100 µL of aniline, also dissolved in 1 m HCl. This mixture was stirred for 1 h followed by addition of 100 mg of ammonium persulfate (>98%; Fischer Scientific). The solution color changed from black to green (emeraldine salt), confirming the start of the polymerization. The solution was filtered and washed with dilute HCl, followed by multiple washes with DI water. The powder was dried at 70 °C. In case of PPy deposition on rGO, [22] in a 100 mg of rGO suspension in 1 m HCl, 250 µL of pyrrole monomer (Sigma Aldrich) was added. The solution was stirred for 30 min to ensure the coverage of rGO sheets with pyrrole monomer. Then 1.2 g of iron chloride (Fisher Scientific) was added to start the oxidative polymerization. The reaction mixture was stirred overnight which yielded PPy-coated rGO sheets. Washing and drying was performed like in the case of PANI@rGO. Since EDOT offered low solubility in aqueous media, its polymerization was performed in acetonitrile. [22] Typically, 50 mg rGO was dissolved in acetonitrile solution. After 30 min sonication, 138 mg of EDOT dissolved in acetonitrile was added followed by addition of 0.55 g of iron chloride, also dissolved in acetonitrile. The solution turned to navy blue color, confirming PEDOT polymerization on rGO. The resultant hybrid was washed with acetonitrile and dried at 50 °C for 24 h. Ti 3 C 2 T x was synthesized as described in the earlier report. [17] In a 10 mL 9 m HCl solution, 1 g of lithium fluoride was first dissolved followed by periodic addition of 1 g of Ti 3 AlC 2 powder. The mixture was heated at 35 °C under stirring for 24 h followed by washing with deionized water until a pH value of ≈6 was obtained. Delamination of the etched powder was carried out by 1 h bath sonication followed by 1 h centrifugation at 3500 rpm. The supernatant was then decanted for further characterizations. The decanted suspension was vacuum filtered to get the free-standing films of Ti 3 C 2 T x electrodes of thickness ≈5 µm which were used as anode materials. Conductivity of MXene films produced by the LiF-HCl method was shown to be 4425 ± 425 S cm −1 . [46] An SEM (Zeiss Supra 50VP, Germany) and a transmission electron microscope (JEOL JEM-2100, Japan) with an accelerating voltage of 200 kV were used to investigate the morphology of the samples. FTIR spectra were collected using an attenuated total reflectance Fourier transform infrared spectrometer with a resolution of 4 cm −1 . Raman spectra were collected on Renishaw inVia spectrometer (632 nm, 5% laser power). Thermogravimetric analyses (TGA) were conducted on TGA analyzer (TA instruments) under inert (Argon) atmosphere (5°C min −1 ). Using TGA, the polymer content in PANI@rGO, PPy@rGO, and PEDOT@rGO was found to be ≈10%, 30%, and 16%, respectively ( Figure S1 , Supporting Information).
To prepare free-standing CP@rGO electrodes, the as-synthesized CP@rGO partially wet samples were rolled between two stainless steel plates using Durston rolling mill (UK). The thickness of the tested CP@rGO electrodes were ≈50 µm. The mass loading of the PANI@rGO, PPy@rGO, and PEDOT@rGO electrodes were 4.7, 7, and 6.2 mg cm −2 , respectively. The rolled electrodes were dried at 70 °C up to 24 h before testing their electrochemical performance. The electrochemical performance of the devices was carried out using cyclic voltammetry, and galvanostatic charging/discharging on a VMP3 potentiostat (Biologic, France). For all electrochemical measurements, the electrolyte was 3 m H 2 SO 4 and testing setup was a plastic Swagelok cell. In a three-electrode setup, CP@rGO hybrids were used as the working electrode, over-capacitve activated carbon films (≈100 µm, YP-50, Kuraray, Japan) were used as the counter electrode, and Ag/AgCl was used as the reference electrode. For these tests, glassy carbon electrodes were used as current collectors. The gravimetric capacitance (C g , F g ), m is the mass (g), and V is the applied potential (V). For asymmetric devices, mass balance was carried out using the following formula [47] : where m is the mass, C is the three-electrode capacitance, and ΔE is the applied potential range. The positive and negative signs represent the asymmetric device terminals. Discharge portion of the CV curves was used to determine the specific capacitance values of the asymmetric devices based on the total mass of the active materials.
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